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ABSTRACT

In this two-part study, a single-Doppler parameter retrieval technique is developed and

applied to a real data case to provide initial conditions for a short-range prediction of a supercell

thunderstorm.  The technique consists of the sequential application of a single-Doppler velocity

retrieval (SDVR), followed by a variational velocity adjustment, a thermodynamic retrieval, and

a moisture specification step.  By utilizing a sequence of retrievals in this manner, some of the

difficulties associated with full-model adjoints (possible solution nonuniqueness and large

computational expense) can be circumvented.  In Part I, we describe the SDVR procedure and

present results from its application to a deep-convective storm.  Part II focuses on the

thermodynamic retrieval and subsequent numerical prediction.

For the SDVR, Shapiro’s reflectivity conservation-based method is adapted by applying it in

a moving reference frame.  Verification of the retrieved wind fields against corresponding dual-

Doppler analyses indicates that the best skill scores are obtained for a reference frame moving

with the mean wind, which effectively reduces the problem to a perturbation retrieval.  A

decomposition of the retrieved wind field into mean and perturbation components shows that the

mean wind accounts for a substantial portion of the total retrieved azimuthal velocity.  At low-

levels, where the retrieval skill scores are especially good, the retrieved perturbation azimuthal

velocity is mostly associated with the polar component of vorticity.  Missing from the retrieved

fields (compared to the dual-Doppler analysis) is most of the low-level azimuthal convergence.

Consistent with this result, most of the retrieved updraft is associated with convergence of the

perturbation radial velocity, which is calculated from the observed radial velocity and directly

used in the wind retrieval.
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1.  Introduction

The installation of the WSR-88D Doppler radar network (Klazura and Imy 1993) combined

with continual increases in computer power have heightened prospects for the operational

implementation of numerical models designed to explicitly predict the evolution of individual

thunderstorms and their larger aggregates (Lilly 1990; Droegemeier 1990, 1997).  Toward that

end, a significant research effort has focused on the development of numerical analysis and

prediction techniques suitable for convective-scale phenomena and observing systems.

Because Doppler radars are at present the only observing system capable of sampling the

detailed flow patterns within thunderstorms and because the large distance between WSR-88D

radars generally precludes multiple Doppler wind syntheses, much of the research effort has

focused on retrieving initial forecast fields from single-Doppler radar observations.  As

discussed by Crook (1994), two basic methodologies have been employed: those that retrieve all

unobserved fields simultaneously and those that retrieve the three-dimensional wind first,

followed by a retrieval of the thermodynamic fields.

The usual approach for retrieving all fields simultaneously has been to fit a numerical model

to a time series of observations using four-dimensional variational (4DVAR) techniques.  

The 4DVAR approach has many advantages and has become increasingly popular in recent

years.  The advantages include use of the full model equations as constraints, simultaneous use

of all observations in their raw form, provision for inclusion of error covariance information, and

the ability to retrieve unobserved fields and find optimal values for model parameters.  4DVAR

may be especially useful for storm-scale retrieval, because it provides potentially the best link

between the model-predicted fields and the observations.

4DVAR techniques were originally developed for simple models (Lewis and Derber 1985,

LeDimet and Talagrand 1986, Talagrand and Courtier 1987) and then applied to the problem of

initializing large-scale numerical models (Navon et al. 1992, Zupanski 1993, Thepaut et al. 1993,

Zou et al. 1993).  Sun et al. (1991) were the first to successfully apply the adjoint technique to

the single-Doppler retrieval problem. Using a dry Boussinesq model of horizontally periodic

Rayleigh convection, they retrieved wind and thermodynamic fields from a single Cartesian
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velocity component.  Real data tests by Sun and Crook (1994) produced good results for a dry

gust front case.  More recently, Sun and Crook (1997, 1998) tested a moist version of their

adjoint retrieval model using both simulated and real radar data observations of a deep-

convective storm.

Despite the encouraging results obtained in these studies, a number of difficulties have

precluded operational implementation of an adjoint-based model initialization procedure for

deep-convective storms.  First, the severe underdeterminancy and strong nonlinearity of the

problem may make it difficult to obtain a unique, converged solution.  Second, the many

nondifferentiable "on/off" switches found in moist physical parameterizations complicate the

construction of accurate tangent linear and adjoint models (Xu 1996).  Third, use of the full

model equations as a strong constraint neglects the model error.  Finally, the computational

expense of numerical descent algorithms for finding the minimum of the cost function is still

prohibitive for real-time applications to deep-convective storms. 

The second methodology for obtaining model initial fields from single-Doppler radar

observations involves the sequential application of a three-dimensional single-Doppler velocity

retrieval (SDVR) followed by a thermodynamic retrieval.  By applying variational wind and

thermodynamic retrievals in a sequential manner, it may be possible to circumvent some of the

difficulties associated with the full-model adjoint techniques, while still retaining many of their

attributes, including the use of dynamic constraints and time-tendency information.

Over the past two decades, a number of methods for retrieving spatially varying wind vectors

from a series of radar observations have been developed.  Early work focused on techniques for

objectively determining the motion of reflectivity or radial velocity features appearing in

successive radar scans (Rhinehart 1979, Smythe and Zrnic 1983, Tuttle and Foote 1990).  Implicit

in these techniques was an assumption of reflectivity or radial velocity conservation.  More recent

techniques have utilized a variety of assumptions, including satisfaction of simplified prognostic

equations for reflectivity or radial velocity, mass conservation, spatial smoothness, velocity

stationarity, and frozen turbulence (velocity stationarity in a moving reference frame) enforced as

either strong or weak constraints (Qiu and Xu 1992; Xu et al. 1994a,b 1995; Laroche and
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Zawadzki 1994, 1995; Shapiro et al. 1995a; Zhang and Gal-Chen 1996, Xu et al. 2001; Gao et al.

2001).  

Another broad class of retrieval procedures has dealt with the problem of diagnosing

thermodynamic fields from a time history of wind data.  Gal-Chen (1978) and Hane and Scott

(1978) described a least squares technique that obtains pressure deviations from a horizontal

average using the horizontal momentum equations as weak constraints.  Buoyancy perturbations

are then obtained from the retrieved pressure field using the vertical momentum equation.

Unfortunately, this technique cannot be used to obtain fields of total pressure and buoyancy unless

a column of independent values is available for either pressure or buoyancy.  A further limitation

of the procedure for deep-convective storms is that the temperature field cannot be obtained from

the buoyancy field unless the moisture fields are known.  Inclusion of a thermodynamic equation

in the retrieval (Roux 1985) overcomes the first difficulty, but requires an estimate of the time

tendency of the temperature field.  Sun and Crook (1996) demonstrated that for dry gust-front

cases the retrieval of thermodynamic fields from a time series of three-dimensional wind fields

could also be accomplished using 4DVAR techniques.

In addition to wind and thermodynamic retrievals, procedures have been developed to estimate

microphysical parameters from Doppler radar data. Typically they have relied on the availability

of a known three-dimensional wind field, such as that obtained from a multiple-Doppler wind

analysis.  Rutledge and Hobbs (1983,1984) and Ziegler (1985,1988) independently developed

techniques in which conservation equations for heat and moisture were integrated forward toward

a steady state using a prescribed time-invariant wind field.  Hauser and Amayenc (1986) inverted

steady-state forms of the conservation equations to obtain microphysical fields.  Verlinde and

Cotton (1990) documented some of the limitations of the steady-state assumption and later avoided

it by fitting a fully time-dependent kinematic model to idealized observations using the adjoint

technique (Verlinde and Cotton 1993).

Lin et al. (1993) obtained initial forecast fields for the 20 May 1977 Del City, OK, tornado

case (Ray et al. 1981) by applying a thermodynamic retrieval to dual-Doppler-derived three-

dimensional wind fields and making some simple assumptions about the microphysical variables. 
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Time tendencies of the velocity fields were neglected in the thermodynamic retrieval and retrieved

thermodynamic fields were retained within regions of hole-filled velocity data.  A short-range

numerical prediction initialized from the retrieved fields was found to evolve faster than the

observed storm.  Crook and Tuttle (1994) describe a single-Doppler initialization procedure that

combines the tracking reflectivity echoes by correlation (TREC) wind retrieval (Rhinehart 1979)

with a thermodynamic retrieval.  Use of their procedure to initialize three short-range model

predictions of dry high plains gust fronts resulted in a modest improvement over a persistence

forecast.

In essence, this study extends the work of Lin et al. (1993) to single-Doppler observations by

replacing the second set of radar observations with an SDVR procedure and extends the work of

Crook and Tuttle (1994) by considering a deep-convective storm as opposed to a dry microburst

case.  As such, it, along with the related work of Lazarus (1996) and a full model adjoint case

reported by Wilson et al. (1998), represent the only reported attempts to perform a real-data

explicit numerical thunderstorm prediction from initial conditions derived from single-Doppler

observations.

In this study, we utilize the “two-scalar” wind retrieval described by Shapiro et al. (1995a),

applied in a moving reference frame, to obtain three-dimensional velocity vectors within a deep-

convective storm volume.  A slightly modified version of Gal-Chen's (1978) thermodynamic

retrieval procedure (Shapiro and Lazarus 1993) is then used to obtain the pressure and temperature

fields from the retrieved three-dimensional wind vectors.  Simple assumptions (similar to those

employed by Lin et al. 1993) are used to obtain initial moisture fields.

In Part I of this study, we describe the application of the wind retrieval to a deep-convective storm

and present a detailed analysis of the retrieved wind fields.  In Part II, we describe the remainder of

the retrieval procedure (variational wind adjustment, thermodynamic retrieval, and moisture

specification) and report on retrieval results and numerical prediction experiments using the

Advanced Regional Prediction System (ARPS, Xue et al. 2000, Xue et al. 2001, Xue et al. 1995).

The organization of Part I is as follows.  In section 2, we summarize the entire initialization

procedure and present a detailed description of the wind retrieval.  In section 3, we summarize the
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supercell thunderstorm radar dataset used for this study, and its processing.  In section 4, we show

wind retrieval results for both the fixed and moving reference frame experiments.  Next, a detailed

analysis and decomposition of the retrieved wind field is presented in section 5.  We then

summarize our results and discuss their implications in section 6. 

2.  Retrieval Procedure

The sequential single-Doppler retrieval procedure includes two primary components.  The first

is a single-Doppler velocity retrieval (SDVR) designed to deduce the unobserved cross-beam wind

(azimuthal and polar components) from a time-series of single-Doppler observations (reflectivity

and radial velocity data).  The second is a thermodynamic retrieval, which obtains the temperature

and pressure fields from a time-series of three-dimensional wind fields.  Three additional steps are

also included in the procedure: a simple algorithm for blending the radar-retrieved winds with

background winds, a variational adjustment of the blended wind field to satisfy mass-conservation

and the observed radial velocity on the model grid, and a moisture specification step.

A flow chart illustrating the entire procedure is shown in Fig. 1.  Note that the SDVR used in

this study requires three successive single-Doppler volume scans so that centered time differences

can be evaluated at the middle time level.  Three successive applications of the wind retrieval

(utilizing a total of five successive volume scans) yield the three successive three-dimensional

wind estimates required to calculate centered time derivatives for the thermodynamic retrieval.  A

detailed description of the single-Doppler wind retrieval is given in Shapiro et al. (1995a), so here

we only summarize it, then describe techniques for applying it in a moving reference frame.

Description of the other retrieval components is deferred to Part II of this study.

a) Formulation of the wind retrieval

The two-scalar wind retrieval described by Shapiro et al. (1995a) obtains estimates of the two

unobserved spherical wind components (azimuthal and spherical polar) throughout a three-

dimensional storm volume from a sequence of three single-Doppler volume scans (reflectivity and

radial velocity).  One advantage of the two-scalar technique is that it directly obtains the three-
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dimensional wind field.  Many SDVR algorithms obtain only the horizontal wind field (Tuttle and

Foote 1990, Xu et al. 1994a,b, Laroche and Zawadzki 1995, Zhang and Gal-Chen 1996)

necessitating a separate vertical integration of the horizontal divergence to obtain vertical velocity.

More recently, Xu et al. (2001) and Gao et al. (2001) have extended their SDVR to directly obtain

the three-dimensional wind.  The two-scalar technique also includes a provision for hydrometeor

fallout and is very computationally efficient, requiring only a few minutes of CPU time on a

workstation for a typical three-dimensional grid.

The two-scalar velocity retrieval is applied in the radar coordinate system shown in Fig. 1 of

Shapiro et al. (1995a).  The retrieval assumes that the three-dimensional distribution of two

conserved scalars and the radial velocity is known at three successive time-levels.  The first scalar

is defined to be the log of the radar reflectivity and a simple forcing term accounts for the

deviation of the hydrometeor motion from the air motion.

As discussed by Shapiro et al. (1995a) an equation for a second conserved scalar is derived

from the first scalar conservation equation by imposing a temporal constraint on the velocity field.

Two possible velocity constraints are velocity stationarity and Taylor's frozen turbulence

hypothesis (Taylor 1938).  Because of the large mean wind component for the supercell case

studied herein, it is anticipated that Taylor's frozen turbulence hypothesis is the more appropriate

assumption.  It states that the local time tendency of the velocity field is assumed to be caused

exclusively by advection of a time-invariant pattern of turbulent eddies.  Taylor's hypothesis is

valid for flows where the turbulent velocity fluctuations represent small perturbations

superimposed upon a large translational velocity.  It tends to break down in regions of large mean

shear.  In order to utilize the frozen turbulence assumption to derive a second conserved scalar,

suitable velocity pattern translation components must be specified.  Following Shapiro et al.

(1995a), these components are found from a least squares solution to a radial velocity constraint

described by Gal-Chen (1982).  The reader is referred to these papers for a detailed discussion of

the constraint and the solution procedure, which leads to a pair of coupled cubic equations for the

constant pattern translation components.
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An additional retrieval constraint is provided by mass conservation, which is expressed in the

radar coordinate system as:
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Equation (1) can be exactly satisfied by expressing the unobserved spherical velocity components

(vφ and vθ) in terms of a pseudo-streamfunction Q.  The expressions for the azimuthal and polar

velocities are:
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where the lower limit, θ0, is potentially a function of r and φ.  For this study, θ0 is taken as the

lowest radar data level, and a hole-filling procedure is used to fill in any gaps along the integration

arc.  The hole-filling procedure consists of solving a series of 2-D Laplace equations on φ-θ

surfaces with zero-gradient lateral boundary conditions.  It is similar to a 2-D Cartesian procedure

described in Part II.  Substitution of (2) and (3) into the two scalar conservation equations leads to

a pair of inhomogeneous linear partial differential equations for the pseudo-streamfunction Q.  An

exact solution to the coupled system is not practical, because the presence of errors in the data

would likely lead to a violation of the compatibility condition.  A least squares formulation of the

problem, however, leads to a Poisson equation for the pseudo-streamfunction Q, with Neumann

boundary conditions involving known quantities.

b) Use of moving reference frames

Previous studies with Shapiro's algorithm have focused primarily on clear-air and low-

reflectivity cases (Shapiro et al. 1995a,b).  For the present case, which is characterized by a deep-

convective storm in an environment with a strong mean wind, the retrieval is modified by applying

it in a moving reference frame.  As described by Gal-Chen (1982), an appropriately chosen

reference frame should maximize the accuracy of the evaluation of the local time tendencies. 
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Furthermore, by shifting the radar observations into a reference frame moving with the storm, the

amount of data "overlap" between the successive scans can also be maximized.  This is important,

because centered time differences valid at the middle time can only be calculated where radar data

from the first and third volume scans overlap.  For a rapidly moving storm and a large time interval

between radar scans, the region of data overlap can be much smaller than the precipitation volume.

Lazarus et al. (2001) note that for cases with strong vertical shear in the environmental flow, a

height dependent moving reference frame may be optimal. 

The relationship between the velocity vectors in a fixed reference frame (Vfix) and a reference

frame moving with a constant horizontal speed (Vmov ) is:

V V U i V jmov fix= - - , (4)

where U  and V  are constant domain translation components.  It is easy to verify that the various

physical constraints employed in the retrieval are Galilean invariant and hence applicable in a

reference frame moving with a constant horizontal speed.

Two least squares methods are available for computing the constant reference frame translation

components (U and V) from the single-Doppler radar data.  [Note that these components are

different than the velocity pattern translation components discussed in section 2a].  The first

technique utilizes a procedure described by Gal-Chen (1982) for finding a reference frame that

minimizes the time tendencies of a given scalar field.  Application of his technique to the

reflectivity field produces a reference frame that moves with the storm.  This "storm propagation"

reference frame should maximize the overlap of the radar fields among the different volume scans

and provide the most accurate evaluations of the reflectivity time derivatives.  Difficulties would

arise in cases where different echoes were moving in significantly different directions within the

same analysis domain.  Following Gal-Chen (1982), a cost function is defined by,

2
2 cos

A A A
J U V r d d dr

t x y
θ θ φ

 ∂ ∂ ∂
= + + ∂ ∂ ∂ 

∫∫∫ , (5)

where A is the radar reflectivity field (dBZ).  Setting  δJ = 0 yields a pair of algebraic equations

that can be solved for U and V.
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The second procedure yields a reference frame that moves with the mean wind. The advantage

of this reference frame is that it effectively reduces the retrieval problem to one of obtaining the

unobserved perturbation velocity.  This would likely be very beneficial in situations where the

mean wind represents a substantial portion of the total velocity field.  However, difficulties could

arise in cases where two regions with opposing flow yield a near zero mean flow (such as across a

front).  To use this procedure, we define a cost function as follows:

2
2 cosr

x y
J v U V r d d dr

r r
θ θ φ = − − 

 
∫∫∫ . (6)

  Setting  δJ = 0 yields a pair of algebraic equations that can be solved for U and V.

3. The 17 May 1981 radar dataset

a) Radar data collection

On 17 May 1981, two tornadic thunderstorms moved across the National Severe Storms

Laboratory (NSSL) dual-Doppler network. The first storm formed near Pocasset, OK, and

moved northeastward, producing an F2 tornado south of Arcadia, OK, from 2300-2310 UTC.

This storm is the focus of the present study and is hereafter referred to as the Arcadia supercell.

A detailed dual-Doppler analysis of the Arcadia supercell has been performed by Dowell and

Bluestein (1997, hereafter DB97), and their vector wind fields are used to verify the SDVR.

The second storm formed near Rush Springs, OK, and also moved northeastward, producing an

F3 tornado near Tecumseh, OK, and an F4 tornado near Okema, OK (Brewster 1984).

As the Arcadia supercell moved across the northeast lobe of the NSSL dual-Doppler network,

12 coordinated dual-Doppler scans were obtained with the Norman and Cimarron 10-cm Doppler

radars over a 1-h period beginning about 2230 UTC.  Figure 2 illustrates the 2239 UTC position of

the Arcadia storm relative to the two radars. The northeast dual-Doppler lobe (delineated by

between-beam angles of 45° and 135°) is also shown.  The Cimarron radar collected data with a

range increment of 150 m, an azimuthal increment of ~0.6°, and an elevation angle increment that

varied from ~0.5°  near the ground to ~3.0°  at mid and upper levels of the storm.  The Norman
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radar had similar range and elevation angle increments, but an azimuthal increment of ~1.0° .

Both radars had a beamwidth of 0.8° .

For this study, single-Doppler analyses from the Cimarron radar are used as input to the

retrieval algorithms, and dual-Doppler analyses from DB97 are used to verify the retrieved wind

fields.  The raw data from each radar are first manually "edited" to de-alias the velocity and

remove areas of contamination due to ground clutter, sidelobes and range-folding.

b) Single-Doppler analysis

Following the data editing steps, the reflectivity and radial velocity fields from the Cimarron

radar are interpolated from the original radar grid, in which the azimuthal increments vary slightly,

to a new spherical grid on which the SDVR is applied.  The new grid has a constant azimuthal

increment of   ∆φ = 2° , a constant range increment of  ∆r = 1 km, and the original elevation angle

increments.  A 2-D Cressman (1959) algorithm with a circular influence region in the r-φ plane is

used to map the fields to the new grid.

Because our goal in analyzing fields for input to the SDVR (defined on the new spherical

grid) is to retain features with a constant grid-relative wavelength, a special procedure for

calculating range-dependent radii of influence is used in the Cressman algorithm.  The principle

underlying this procedure is to force the radii of influence to be locally isotropic, while allowing

the size of the influence region to increase with increasing range to match the variable grid

resolution inherent in spherical grids.  Using the resultant fields, the SDVR can maximize detail at

close range without producing excessive small-scale noise at far range.  While appropriate for this

application, Trapp and Doswell (2000) caution that nonhomogeneous radii of influence should not

be used for studies in which the magnitudes of different radar-analyzed features are compared.

Because the analyzed magnitude of a feature is a convolution of the radar observed strength with

the analysis weight function, an artificial spatial dependence can be introduced by using spatially

varying weight functions.

To obtain expressions for the desired radii of influence, we first define a constant aspect ratio

between the radii of influence in the range and azimuthal directions:
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α  =  Lr / Lφ , (7)

 where Lr and Lφ are the radii of influence in the range and azimuthal directions.  Local isotropy is

enforced by setting α = 1, yielding a circular influence region.  The physical distances Lr and Lφ

are related to the corresponding gridpoint distances by:

Lr  =  Nr ∆r , (8)

Lφ  =  Nφ r ∆φ    ,  (9)

where  Nr  and  Nφ  are the fractional number of analysis grid points in the range and azimuthal

radii of influence, respectively.  Next, the product  NrNφ is held constant for all r, resulting in an

influence area that increases with increasing radar range.  An expression for Lr as a function of

range can be derived starting from a general formula for the area of the influence ellipse:

 π Lr Lφ  =  π r Nr Nφ ∆r ∆φ . (10)

Using (7) to eliminate Lφ in (10) and solving for Lr leads to:

L K rr =
1 2 , (11)

where 

K N N rr= a ff D Dd i1 2

is constant for all values of radar range.

To utilize this formulation, a physical distance for the range radius of influence is specified for

some reference range.  Nr and Nφ can then be calculated for the reference range from (8) and (9).

Next, the constant, K, is determined and Lr is calculated for all values of range using (11).  As a

last step, Nr and Nφ are computed for all values of range, using (8) and (9).  Note that Nr and Nφ

apply to the analysis grid, and the physical distances Lr and Lφ must be used to determine which

radar data points lie within the influence region of a given analysis point.  For this study, values of

20 km and 1.8 km were chosen for the reference range and range radius of influence at that

reference range. 
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c) Dual-Doppler verification

Dual-Doppler analyses of the Arcadia supercell from DB97 are used to verify the single-

Doppler retrieval results.  The reader is referred to DB97 for a detailed description of the analysis

procedure; only a brief summary is provided here.  First, the raw radar data are interpolated to a

common uniform Cartesian grid (∆x = ∆y = 0.8 km, ∆z = 0.5 km) using a Cressman (1959) scheme

with a spherical influence radius of 1.2 km.  In this procedure, data from the lowest elevation angle

are extrapolated to the ground.  Next, a dual-equation system is iteratively solved in conjunction

with a downward integration of the anelastic mass conservation equation to obtain vertical

velocities.  A boundary condition of w = 0 at the top of each data column was used for the

downward integration, and an O'Brien (1970) correction was applied to ensure vertical velocities

of zero at the ground and data column top.  

It is important to note that inaccuracies associated with the assumed upper boundary condition,

as well as the extrapolation of data from the lowest elevation angle to the ground, may lead to

substantial errors in the computed vertical velocity.  Because of these possible errors, quantitative

verification of the single-Doppler retrieval against the dual-Doppler analysis is only performed for

the azimuthal velocity.  Note also that verifying the azimuthal velocity, which is completely

unobserved by the “input” radar, is more rigorous than verifying the total horizontal wind, which

includes a portion of the observed radial velocity.

The verification is accomplished by first trilinearly interpolating both the SDVR and dual-

Doppler wind fields to a common unstaggered Cartesian grid.  To facilitate the thermodynamic

retrieval and model predictions described in Part II of this study, the common grid is chosen to be

the scalar points of the ARPS model grid, with constant horizontal and vertical grid spacings of 1.0

km and 0.5 km, respectively.  Two quantitative skill scores, the root mean square error and the

linear correlation coefficient, are then calculated for the retrieved azimuthal velocity.
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4. Wind retrieval results

a) Skill scores

Utilizing the first five volume scans from the Cimarron radar dataset, three successive wind

retrievals are performed to supply three consecutive sets of three-dimensional wind fields for the

thermodynamic retrieval (described in Part II).  Error statistics for each individual retrieval are

presented as well as average statistics for the set of three consecutive retrievals.  While the three

consecutive retrievals are clearly not independent of each other, examination of the retrieval

results at three different times provides insight into the robustness of the retrieval procedure. 

Our analysis of the retrieval results focuses on the effects of applying the retrieval in a moving

reference frame.  Two moving reference frame experiments are considered, one moving with the

storm and one moving with the mean wind.  Results from these two experiments are compared

with results from a fixed reference frame experiment.  

Before examining how the two moving reference frames affect the retrieval results, we first

evaluate the accuracy with which the reference frame translation components are estimated from

the single-Doppler data.  As discussed in section 2, simple least squares formulations are used to

compute both the storm and mean wind translation components from the single-Doppler data.  The

estimated storm motion components [reflectivity pattern translation components obtained by

minimizing (5)] are verified against subjectively determined storm motion components, while the

estimated mean wind components [obtained by minimizing (6)] are verified against mean winds

calculated from the dual-Doppler analyses.  The estimated and verifying components for each

technique, shown in Table 1, indicate that both techniques perform well.  Results are especially

good for the mean wind components, with average errors less than 1 m s-1.

Table 2 shows the impact of the different moving reference frames on the overall retrieval

results.  Comparison of rms errors and correlation coefficients for the retrieved azimuthal velocity,

as well as the domain maximum vertical velocity, indicates that both moving reference frame

experiments perform substantially better than the fixed reference frame experiment.  On average,

the mean wind reference frame slightly outperforms the storm propagation reference frame.  For
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all reference frames, the retrieved maximum vertical velocities are substantial, but are generally

less than half of the magnitude obtained by the dual-Doppler analyses.  The reasons for this

deficiency will be examined in section 5.  Also shown in Table 2 are the skill scores for a

simplified retrieval experiment that will be discussed in section 5c.

Fig. 3 shows the vertical profiles of the azimuthal velocity rms errors for the 2239 UTC wind

retrievals.  The 2239 UTC retrieval results have been selected for further examination, because

they are used to initialize the prediction model and their skill scores best match the three-retrieval

average.  The errors for the two moving reference frames are generally about 1-2 m s-1 less than

those for the fixed frame.  The only exception is near the storm top, where the mean wind

experiment performs significantly better than either of the other experiments.

The vertical profiles of domain maximum vertical velocity for the 2239 UTC retrievals are

shown in Fig. 4.  All three experiments produce similar profiles, with overall maxima less than

half that obtained from the dual-Doppler analysis.  The mean wind moving reference frame yields

the largest maximum and exhibits the most classic “bow-string” profile shape.  It is important to

note that, because of the vertical velocity assumptions made in the O'Brien correction used in the

dual-Doppler analysis, care should be exercised in directly comparing the retrieved and dual-

Doppler vertical velocity fields.

b) Retrieved fields

Individual plots from the 2239 UTC retrievals are now examined to further illustrate the SDVR

performance.  As noted before, the retrieved fields from this time are used to initialize the

numerical predictions presented in Part II of this study.  Figure 5 shows the low-level  (z = 2.25

km) storm-relative vector wind field from the dual-Doppler analysis, and from the three single-

Doppler retrieval experiments.  Qualitative comparison of the different experiments illustrates the

improvement due to the mean wind reference frame.  In particular, it best captures the zone of

strong storm-relative southeasterly winds northeast of the mesocyclone.  This is further illustrated

in Fig. 6, a comparison of the retrieved versus dual-Doppler-derived azimuthal velocity.  The mean

wind experiment best captures the overall azimuthal velocity pattern, as reflected in the superior
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rmse and correlation scores for this level.  Also apparent is the loss of fine-scale detail in all three

retrieval experiments.

For the mean wind moving reference frame experiment, the portion of the azimuthal velocity

provided to the retrieval by the moving reference frame is:

ˆ ˆˆ cos sinv e U i V j U Vφ φ φ φ = ⋅ + = −  , (12)

where U  and V  are the constant mean wind translation components obtained by minimizing (6).

Subtracting this "mean wind" portion of the field from the total retrieved azimuthal velocity yields

the retrieved perturbation azimuthal velocity, vφ
′ .  This field represents the portion of the

azimuthal velocity obtained solely from the pseudo-streamfunction, Q.  Figure 7 shows a

comparison of the perturbation azimuthal velocity from the dual-Doppler analysis and the mean

wind reference frame retrieval.  The large region of negative values (southeasterly flow) is

successfully retrieved; however, most of the small-scale details are not recovered.  Note also that

the gradient of the retrieved azimuthal velocity is oriented primarily in the radial direction.  This

suggests that, within the retrieved field, the magnitude of the azimuthal portion of the polar

vorticity, 
( )1 r v

r r

φ∂

∂
,  is greater than the magnitude of the azimuthal portion of the divergence,

1

r

v

cosq f
f∂

∂
.  Confirmation and implications of this inference will be presented in section 5.

Figure 8 shows the perturbation azimuthal velocity fields from the mean wind reference frame

retrieval and the dual-Doppler analysis at z = 10.25 km.  Although the retrieved field is much

smoother than the dual-Doppler field, a distinct storm top divergent velocity couplet is retrieved.

Note that in contrast to the low-levels where the retrieved perturbation velocity appears to contain

little azimuthal divergence, at upper-levels the SDVR does yield a qualitatively correct azimuthal

divergence signature.  The midlevel (z = 6.25 km) Cartesian vertical velocity from the mean wind

reference frame retrieval and the dual-Doppler analysis are shown in Fig. 9.  Again, the retrieved

field is significantly smoother than its dual-Doppler counterpart, but captures the principal features

reasonably well.  In particular, the horseshoe-shaped updraft maximum surrounding the primary
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vertical velocity minimum is reproduced.  The vertical velocity field in the other reference frame

experiments (not shown) is remarkably similar to that of the mean wind reference frame retrieval.

5. Analysis of the retrieved wind fields

In addition to illustrating the superiority of the mean wind reference frame retrieval, the results

presented in the previous section revealed a number of intriguing features.  First, for all three

reference frame experiments, the spatial patterns of the retrieved vertical velocity fields resemble

those of the corresponding dual-Doppler analysis quite well, but the retrieved maximum values are

significantly smaller in magnitude.  Second, while the skill scores for the mean wind reference

frame experiment are very good at low levels (z = 2.25 km), qualitative examination of the

retrieved perturbation azimuthal velocity suggests that polar vorticity, 
( )1 r v

r r

φ∂

∂
 , is reasonably

well retrieved but azimuthal divergence, 
1

r

v

cosq f
f∂

∂
, is poorly retrieved.  Third, near the storm top

(z = 10.25 km) the SDVR skill scores are worse than those at low levels; however, a divergent

azimuthal velocity couplet is successfully retrieved.  

  We begin our analysis of the retrieved wind fields by quantifying the qualitative assessments

made above regarding the vorticity and divergence contained within the retrieved perturbation

azimuthal velocity.  Then, noting that the vertical velocity is kinematically linked to the vertical

profile of horizontal divergence, a vertical velocity decomposition is performed to help explain the

vertical velocity results.  Finally, results from the full retrieval will be compared with a drastically

simplified retrieval suggested to us by the vertical velocity decomposition.  

a) Vorticity and divergence calculations

The three-dimensional vorticity vector in radar coordinates is:

( ) ( ) ( )cos1 1 1 1
ˆ ˆ ˆ

cos cos
r r

r

v r vr vv v v
e e e

r r r r r

φ φθθ
φ θ

θ
ω

θ θ φ θ θ φ

   ∂ ∂ ∂∂ ∂ ∂   = − + − + − ∂ ∂ ∂ ∂ ∂ ∂       
  (13)
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and the three-dimensional divergence, 
u v w

V
x y z

∂ ∂ ∂
∇ ⋅ = + +

∂ ∂ ∂
, in radar coordinates is given by  (1).

For the case of a constant horizontal wind V U i V j= +d i, each of the three terms that comprise

the three-dimensional divergence will be zero in a Cartesian coordinate system.  However, in the

radar (spherical) coordinate system, the three terms that sum to give the three-dimensional

divergence are not each identically zero.  Rather, cancellation occurs between the terms, resulting

in a three-dimensional divergence of zero.    A similar situation occurs in the calculation of the

vorticity components for a mean horizontal wind.  In a Cartesian coordinate system, both the

vertical component of vorticity and the two terms that comprise it are zero.  In contrast, for the

radar coordinate system (consider the limiting case of zero elevation angle) the radial and

azimuthal contributions to the polar vorticity component are not zero, but cancel each other,

resulting in zero polar vorticity.  While mathematically correct, these nonzero mean wind terms

complicate the interpretation of divergence and vorticity estimates obtained from Doppler radar

data.  These complications are discussed in the Appendix, where it is shown that vorticity and

divergence calculations involving spherical velocity components derived from radar observations

should be performed using perturbation velocity fields (i.e., fields in which the contribution of the

mean horizontal wind to the spherical components is subtracted out prior to the calculations).

These mean wind contributions can be seen in the relationship between the total, mean and

perturbation spherical velocities:

v v v U V vr r r r= + ¢ = + + ¢cos sin cos cosq f q f (14)

v v v U V vf f f ff f= + ¢ = - + ¢cos sin (15)

v v v U V vq q q qq f q f= + ¢ = - - + ¢sin sin sin cos . (16)

Using these definitions, we compute the perturbation azimuthal divergence, 
1

r

v

cosq f
f∂ ¢

∂
, and

the azimuthal contribution to the perturbation polar vorticity, 
1

r

r v

r

∂ ¢

∂
fd i

, for both the mean wind
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reference frame retrieval and the dual-Doppler analysis.  Because the dual-Doppler derived

divergence and vorticity fields are extremely noisy, a 5-point smoother is applied to them.

A comparison of the retrieved and dual-Doppler-derived perturbation azimuthal divergence

(shown in Fig. 10), confirms that the SDVR obtains very little of the observed low-level

perturbation azimuthal convergence.  In fact, the retrieved field shows weak divergence in the

southwest portion of the storm, whereas the dual-Doppler verification show strong convergence

associated with the low-level inflow into the main updraft.  As will be shown, this is consistent

with the substantially weaker retrieved updraft maximum compared with the dual-Doppler

analysis.  

In contrast, the retrieved azimuthal contribution to the perturbation polar vorticity field (Fig.

11b) better matches its dual-Doppler counterpart (Fig. 11a).  Note that although the retrieved

extrema are smaller than the verification extrema, the zero lines and location of the maximum near

x = 20, y = 30 match quite well.  Taken in conjunction with Fig. 3, which shows this level to have

nearly the best rms scores, it is concluded that, at low-levels, the SDVR retrieves the azimuthal

contribution to the perturbation polar vorticity reasonably well, but retrieves very little of the

observed perturbation azimuthal convergence. 

b) Vertical velocity decomposition

Results from a vertical velocity decomposition are now presented to illustrate the contribution

of the retrieved perturbation azimuthal divergence to the retrieved updraft strength.  Starting with

(1), the expression for mass conservation in radar coordinates, we integrate the r-φ divergence in

the polar direction to get:

v v
r r

r v d v drq q q
q

fq
qq

q q q f
= - ∂

∂
LNM OQP -

∂
∂
LNM OQPz zcos

cos cos
cos

cos
0 2

0 0 0

1 1Q Q Q . (17)

Defining a mean wind to be that used by the SDVR for the moving reference frame, the radial,

azimuthal and polar velocity components (vr
,  vφ ,  vθ ) can be partitioned into mean and

perturbation parts using (14-16).  Substituting these mean and perturbation parts into (17) and

evaluating the integrals involving the mean wind terms (see Appendix for details) leads to: 
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v v
r r

r v d v drq q q
q

fq
qq

q q q f
= ¢ - ∂

∂
¢LNM OQP -

∂
∂

¢LNM OQPz zcos

cos cos
cos

cos
0 2

0 0 0

1 1Q Q Q

- +sin sin cosq f fU V . (18)

The Cartesian vertical velocity component can be expressed in terms of the radial and polar

velocity components as:

w v vr= +sin cosq q q . (19)

Substitution of (14) and (18) into (19) leads to an expression for the Cartesian vertical velocity

component in terms of the perturbation spherical velocity components,

0 0 0

2
0

1
sin cos cosr rw v v r v d v d

r r
θ θ

θ φθ θ
θ θ

φ
∂ ∂   ′ ′ ′ ′= + − Θ Θ − Θ      ∂ ∂∫ ∫ . (20)

Equation (20) is analogous to the Cartesian expression for vertical velocity in terms of the vertical

integral of the horizontal divergence:

0 0 0

z z
z z z

w w u dZ v dZ
x y

∂ ∂   = − −      ∂ ∂∫ ∫ . (21)

and is especially relevant to our present analysis of the SDVR results, because it relates the

Cartesian vertical velocity to terms involving the observed radial velocity and retrieved cross-

beam velocity.  The last two terms in (20) are the contributions from the radial divergence (which

can be calculated from the observed radial velocity) and the azimuthal divergence (which can be

calculated from the retrieved azimuthal velocity).  As discussed in the Appendix, the terms on the

right-hand side of (20) involve only perturbation quantities, because the mean wind portions of

these terms have been separated out and summed to zero. 

The first term on the RHS of (20) is the vertical projection of the perturbation radial velocity.

It can be directly obtained from observed radial velocity (given the estimated mean wind), and is

usually small.  The second term on the RHS of (20) is the lower boundary condition for the polar

velocity component and is analogous to the lower boundary condition on w in the Cartesian

vertical velocity expression.  Note that this lower boundary condition is at the lower boundary of

the data coverage region, not necessarily at the ground.  One of the advantages of the two-scalar
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retrieval algorithm is that it implicitly obtains this term by directly retrieving a value for the polar

velocity at the lowest data level.  For retrieval schemes that do not obtain this term (or analogous

terms in other coordinate systems), the difficulties of applying boundary conditions above the

ground must be faced.

The contribution from each of the divergence terms toward the total retrieved vertical velocity

can be computed at any level by integrating upward along an arc of constant range and azimuth.

Fortunately, the main updraft in the Arcadia storm has a fairly large horizontal extension, allowing

an arc to be found that lies almost entirely within the storm updraft.  Figure 12 shows the profiles

of the retrieved vertical velocity and the various terms in the decomposition along such an arc.

The most striking result is that retrieved vertical velocity is associated almost entirely with the

convergence of perturbation radial velocity, which is directly computed from the observed radial

velocity (after subtracting the estimated mean wind) in the retrieval.  Consistent with Fig. 10,

which showed that the retrieval obtains weak azimuthal divergence at low levels, the contribution

to the retrieved vertical velocity from the azimuthal divergence term is actually slightly negative at

low levels.  Note also that the retrieval obtains a reasonable value of about +3 m s-1 for the lower

boundary condition term.

c) Comparison with a simplified retrieval

The results from the wind decomposition suggest a drastically simplified retrieval against

which we now compare the full SDVR.  The drastically simplified retrieval retains only those

terms that can be directly obtained from the observed radial velocity, and neglects those terms that

require solution of the Poisson equation for Q.  The various terms can be explicitly written by

noting that application of the SDVR in a mean wind moving reference frame is equivalent to

performing a perturbation retrieval.  Thus (2) and (3) become:

¢ = ∂ ¢
∂

v
Q

f q
, (22)

¢ = - ∂ ¢
∂

- ∂
∂

¢FH IKzv
Q

r r
r v drq q

q

q f q
1 1 2

0cos cos
cosQ Q , (23)
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where Q′  is a perturbation pseudo-streamfunction.  Substitution of these expressions into (15) and

(16) results in a useful decomposition of the unobserved spherical components:

v v v U V
Q

f f f f f
q

= + ¢ = - + ∂ ¢
∂

cos sin (24)

v v v U Vq q q q f q f= + ¢ = - -sin sin sin cos

- ∂
∂

¢FH IK -
∂ ¢
∂z1 12

0r r
r v d

Q
rcos

cos
cosq q fq

q Q Q . (25)

Noting that the horizontal mean wind components are obtained from the radial velocity [by

minimizing (6)], we see that the simplified retrieval retains all but the final term in each of (24)

and (25) (i.e. the terms involving Q′ ).  This simplified retrieval is not offered as an alternative to

the full retrieval, but as a reference for assessing the relative contributions from the perturbation

pseudo-streamfunction and the terms directly obtainable from the radial velocity.

It is important to note that the perturbation radial divergence, the integrand appearing in (20),

could be used to obtain a portion of the azimuthal velocity instead of the polar velocity.  Thus,

while the results of the simple retrieval depend on the direction in which we choose to integrate the

radial divergence, the results from the two-scalar retrieval are independent of this choice.  

Figure 13a illustrates that the azimuthal velocity obtained by this simple retrieval is merely the

local projection of the mean horizontal wind in the azimuthal direction.  Consistent with Fig. 12,

the retrieved vertical velocity field (Fig. 13b) is very similar to that from the other experiments.

Given that the bulk of the vertical velocity is obtained from the perturbation radial convergence, it

is now clear why all the experiments obtain similar vertical velocities.

Returning to Table 2, we see that the drastically simplified retrieval clearly outperforms the

fixed reference frame experiment.  Skill scores for both of the moving reference frame experiments

are better, however, indicating that although the mean horizontal wind contains much of the

azimuthal velocity field, use of either of the two moving reference frames yields a perturbation

azimuthal velocity that adds skill relative to the simplified wind retrieval.  In Part II, we assess the

effect of these perturbation fields on the subsequent thermodynamic retrieval and numerical

prediction.
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6. Summary and discussion

In this two-part study, a single-Doppler parameter retrieval technique is developed and applied

to a real-data case to provide model initial conditions for a short-range prediction of a supercell

thunderstorm.  The technique consists of the sequential application of a single-Doppler velocity

retrieval (SDVR), followed by a variational velocity adjustment and a thermodynamic retrieval.

In Part I of the study, we have described the SDVR and techniques for applying it in a moving

reference frame. Two possible moving reference frames were considered: one that follows the

storm motion and one that follows the mean wind.  For each of these moving reference frames, we

presented simple variational procedures for estimating the horizontal translation components.  

The SDVR was used to retrieve the complete three-dimensional wind field within a deep-

convective storm from a time series of single-Doppler radar observations.  Verification of the

retrieved wind fields was accomplished by comparing them with corresponding dual-Doppler

analyses.  For each of the two moving reference frames considered, the simple variational

procedure obtained the horizontal translation components with a high degree of accuracy.

Application of the retrieval in either of the moving reference frames significantly improved the

results compared with the fixed frame.  The best results, however, were obtained for the mean

wind moving reference frame, which effectively reduced the problem to one of retrieving the

unobserved perturbation velocity.  For the mean wind moving reference case, the correlation

coefficient between the retrieved and dual-Doppler-derived azimuthal velocity (averaged over the

entire 3-D storm volume) ranged from .65 to .81 for three successive applications of the retrieval.

A decomposition of the retrieved azimuthal velocity indicated that the projection of the mean

wind moving reference components accounted for a substantial portion of the total retrieved

azimuthal velocity.  Subtracting this azimuthal projection of the estimated mean wind from the

retrieved azimuthal velocity allowed a comparison of the retrieved and verifying perturbation

azimuthal velocity fields.  At low-levels, the retrieved perturbation azimuthal velocity was

associated mostly with polar vorticity, and exhibited weak azimuthal divergence.  In contrast, the

dual-Doppler verification contained strong azimuthal convergence at low levels.  Consistent with
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this, the retrieved updraft maximum of 25 m s-1 was slightly less than half of the dual-Doppler

observed updraft maximum.

Consideration of these differences led to the introduction of a wind decomposition that

illustrates the contributions to the retrieved Cartesian vertical velocity from the various terms in

Shapiro's two-scalar technique.  Application of this decomposition to the retrieved wind field

showed that the bulk of the retrieved updraft was due to the convergence of perturbation radial

velocity, which is directly calculated from the radar observations and is used in the wind

retrieval.  It is not clear why the wind retrieval failed to capture the observed low-level azimuthal

convergence, but we speculate that in this region (where significant condensation is occurring) a

strong deviation from reflectivity conservation exists.  Consistent with this explanation, the

successful retrieval of storm-top divergence (in a region where sublimation is occurring) may be

understood by noting that storm-top sublimation likely occurs at a slower rate than low-level

condensation.

Recognizing that both the mean wind and the majority of the retrieved updraft were

obtained directly from the observed radial velocity, comparisons were made between the fields

from the full SDVR and fields obtained from a drastically simplified retrieval.  This simplified

retrieval consists of the observed radial velocity, estimated mean horizontal wind components,

and contribution of the perturbation radial velocity to the polar velocity (obtained from mass

conservation).  The primary difference between the fields from the simplified retrieval (which

omitted the contribution from the pseudo-streamfunction) and those from the full retrieval is the

polar component of vorticity at low levels.

Although the SDVR performed quite well in this application to a deep-convective storm,

further testing is needed for a variety of different storm types and radar scan angles.  Of particular

importance will be determining the extent to which these optimistic results can be duplicated for

more rapidly evolving storms and for scan angles orthogonal to the mean wind or parallel to squall

lines.  As a complement to real data experiments, a series of carefully constructed Observing

System Simulation Experiments would be helpful in systematically evaluating retrieval

performance for a variety of situations.
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In Part II of this study, thermodynamic retrieval and numerical prediction experiments are

conducted with the single-Doppler retrieved and dual-Doppler analyzed wind fields.  A principal

focus will be to compare the thermodynamic retrieval and model prediction results for three sets of

wind fields: 1) those obtained from the dual-Doppler analysis, 2) those obtained from the full

single-Doppler velocity retrieval applied in the mean wind reference frame, and 3) those obtained

from the drastically simplified retrieval described in section 5.
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APPENDIX

Horizontal Mean Wind Effects on Divergence and Vorticity Calculations using Spherical

Velocity Components Derived from Radar Observations

 

Meteorologists have frequently used radial velocity fields obtained from single-Doppler radar

sweeps to calculate divergence and vorticity quantities (Roberts and Wilson 1989, Burgess and

Lemon 1990, Burgess and Magsig 1998, Funk et al. 1998, Glass and Britt 2000).  In most cases,

these single-Doppler-derived quantities are used as proxies for the more desirable two-dimensional

Cartesian quantities (horizontal divergence and vertical vorticity).  The purpose of this appendix is

to illustrate how spherical projections of a mean horizontal wind affect radar-computed divergence

and vorticity.

We begin by considering a spatially constant horizontal wind, which obviously has no three-

dimensional divergence.  Furthermore, in a Cartesian coordinate system, each of the three terms in

the equation for the three-dimensional divergence is also zero.  In a spherical coordinate system,

however, the individual terms are not each identically zero; rather, cancellation between the terms

occurs, yielding zero three-dimensional divergence.  These nonzero terms, while mathematically

correct for the spherical coordinate system, complicate the interpretation of divergence estimates

obtained from Doppler radar data.  

We illustrate this complication by documenting the various mean wind terms in an expression

for the Cartesian vertical velocity as a function of the radial, azimuthal, and polar velocity

components.  This expression, a simplified form of the more general (20), is derived by invoking

mass conservation in spherical coordinates and involves polar integrals of the radial and azimuthal

divergence.  We then show that the sign of the mean wind contribution to the radial divergence

term depends on whether the scanned region is upwind or downwind from the radar.  As a side

note, we demonstrate that the common practice of calculating radial divergence as rv

r

∆
∆

 (Lemon

and Burgess 1980, Witt and Nelson 1984, Wilson et al. 1984, Uyeda and Zrnic 1986, Hermes et al.
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1993) has the beneficial property of neglecting the mean wind contribution to the radial

divergence, but also neglects another portion of the radial divergence.  Next, we show that a

similar mean wind effect exists for the calculation of polar vorticity and evaluate its significance.

We conclude by recommending a simple procedure for removing these mean wind effects in cases

where the radial divergence is taken as a proxy for the horizontal divergence.

Expanding the radial velocity in equation (1), we get:

( )cos2 1 1
0

cos cos
r r v vv v

r r r r
φ θθ

θ φ θ θ

∂ ∂∂
+ + + =

∂ ∂ ∂
. (A1)

Isolating the Vθ   term and integrating in the polar direction with the impermeability condition

(
0

0Vθ =  at 0 0θ = ) leads to:

v
r

r
v d v d v dr rq q

q
q
q

fq
q

q q q f
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∂
LNM OQP - LNM OQP -

∂
∂
LNM OQPz z zcos
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cos

cos
cos

Q Q Q Q Q
0 0 0

2 1
, (A2)

∂
∂z z ∂

∂zv
r term v

r term
v

termr r2 f
f

where the individual terms are identified below the equation.  Note that the first two terms on the

RHS of (A2) come from the radial divergence and the last term comes from the azimuthal

divergence.  The first term on the RHS of (A2) represents the simple  ∂
∂

FH IK
v

r
r  approximation to

the radial divergence term.

The contributions from the mean horizontal wind are examined by partitioning the three

spherical velocity components into mean and perturbation parts using (14)-(16).  Substituting (14)

and (15) into (A2) and evaluating the integrals involving the mean wind terms leads to:

0
cos

cos r
r

v v d
r

θ
θ θθ

∂  ′= − Θ Θ  ∂ ∫

rv termr
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- + + - ¢LNM OQPz2 2
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- ∂
∂

+ - ∂
∂

¢LNM OQPz1 1
0cos

cos sin
cosq f

f f q
q f fq

q
U V v db g Q , (A3)
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∂ ¢
∂z

v
term

v
termf f

f f

where the various mean and perturbation terms have been identified below the equation.  Note that

the ∂
∂z v
r termr  equals zero and contributes nothing to the polar velocity; however, nonzero mean

wind contributions do arise from the  2v
r termrz  and the 

∂
∂z

v
termf

f .  Thus we can see that

the mean wind contribution in the radial divergence arises entirely within the 2v
r termrz , and

that the simple ∂ ∂
v

r
r  approximation removes the mean wind contribution.  Unfortunately, this

approximation fails to account for the contribution from the 2 ¢z v
r termr .

After evaluating the derivatives for the mean quantities in (A3) and recombining the

perturbation radial divergence terms, we substitute (A3) and (14) into (19) to get an expression for

the Cartesian vertical velocity in terms of the spherical velocity components:

w v
r r

r v d v dr rq q
fq

q
fq

qb g = ¢ - ∂
∂

¢LNM OQP -
∂
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¢LNM OQPz zsin cos
1 2

0 0
Q Q Q

- + - +cos sin sin cos sin cosq q f f q f fU V U Vb g b g
2v

r termsrz

+ + + +q f f q q f fsin cos cos sin sin cosU V U Vb g b g . (A4)
∂

∂z
v

term v termr
f

f

Thus we see that cancellation occurs between the mean wind terms and the Cartesian vertical

velocity can be accurately calculated by retaining only the perturbation terms listed on the first line

(A4).  Furthermore, calculations of the magnitudes of the radial and azimuthal divergence

contributions to the vertical velocity will be influenced by the mean wind terms.

The signs and magnitudes of the mean wind terms are interpreted as follows.  The

sin cosf fU V+b g factor that is common to all terms indicates that the amplitude of the mean wind

contribution is maximized when the radar beam is aligned with the mean horizontal wind (and
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equal to zero when the radar beam is perpendicular to the mean horizontal wind).  Considering this

maximum magnitude case, the mean wind contribution to the radial divergence terms is:

( )max cos sinhW V θ θ θ= − + . (A5)

The first term in (A5) has a maximum magnitude of 05. Vh  for a radar elevation angle of 45°.

For small elevation angles it exhibits a linear increase of about 5% of the mean wind for each 3

degrees of elevation angle increase.  Because this term is offset by the radial projection of the

mean wind (a term that is available from single-Doppler observations), it typically is not a

problem.  The second term in (A5) increases linearly with elevation angle, reaching a maximum of

about 15. Vh as the radar beam approaches vertical.  For typical radar elevation angles it has the

same dependency as the first term; however, it is more significant because the offsetting term from

the azimuthal divergence is not available from single-Doppler observations.  Thus, if the region

sampled by the radar is downwind from the radar, the mean wind radial divergence contribution to

the estimated vertical velocity will be negative (i.e., downward motion).  Conversely, if the

sampled region is upwind from the radar, the mean wind term will be positive (upward motion).

Next, we illustrate that a similar cancellation of mean horizontal wind terms occurs for the

radial and azimuthal contributions to the polar vorticity.  Using (14) and (15) to partition the radial

and azimuthal velocities into mean and perturbation parts, the polar vorticity [last term in (13)] can

be rewritten as:

w f f
q fq = + + ∂ ¢
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r termf f

where the mean and perturbation terms have been identified below the equation.  As with the

divergence calculation, cancellation between the mean horizontal wind contributions occurs in
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(A6).  If, however, only the radial velocity terms are retained, a mean wind contribution will result.  

The cos sinf fU V+b g factor in the mean wind terms indicates that the amplitude of the mean

wind contribution is maximized when the radar beam is aligned perpendicular to the mean

horizontal wind (and equal to zero when the radar beam is parallel to the mean horizontal wind).

Considering the maximum magnitude case of the radar beam perpendicular to the mean wind, the

mean wind portion of the radial velocity contribution to the polar vorticity is given by:

max 1
hV

rθω = . (A7)

The 1/r factor results in fairly significant values at close range.  For example, a 20 m s-1  mean

wind at a range of 20 km would yield a polar vorticity of 10-3 s-1.  If the region sampled by the

radar is to the left of the mean wind vector, the mean radial wind contribution to the polar vorticity

will be positive (i.e., cyclonic).  If the sampled region is to the right of the mean wind vector, the

contribution will be negative (anticyclonic). 

We have shown in this appendix that the presence of a mean horizontal wind will introduce a

spatial dependence to vorticity and divergence quantities estimated from individual spherical

velocity components.  This can be a significant issue for meteorological radar applications, where

single-Doppler derived estimates of radial divergence and vorticity are often used as proxies for

their Cartesian counterparts.  The resulting dependence of radar estimated vorticity and divergence

quantities on the location of the sampled region relative to the radar can be avoided by removing

the projection of the mean horizontal wind from the spherical velocity components.  A simple and

highly accurate procedure for computing the necessary mean horizontal wind components from

radial velocity data is presented in section 2b.
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Figure 1. Flow chart illustrating the sequential single-Doppler retrieval procedure.

Five successive single-Doppler volume scans are used to create three-dimensional 

wind fields at three successive times.  The retrieved wind fields are then blended 

with a background field and variationally adjusted.  Finally, thermodynamic fields 

for the middle time level are retrieved from the three sets of adjusted wind fields 

and the moisture fields are specified. 

Figure 2. Locations of the Cimarron (CIM) and Norman (NOR) radar sites and the crescent-

shaped dual-Doppler lobe relative to the Arcadia storm at 2239 UTC.  Contours are

radar reflectivity in 10 dBZ increments (starting with 25 dBZ).  The grid origin is

collocated with the Norman radar and x and y distances are in km.

Figure 3. Vertical profiles of azimuthal velocity rms errors (m s-1) for the 2239 UTC single-

Doppler retrieval experiments.

Figure 4. Vertical profiles of the domain maximum vertical velocity (m s-1) for the 2239 UTC 
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dual-Doppler verification and the single-Doppler retrieval experiments.

Figure 5. 2239 UTC low-level (z = 2.25 km) reflectivity and storm-relative horizontal vectors

for a) the dual-Doppler analysis, and the retrieval performed in b) the mean wind 

reference frame, c) the storm propagation reference frame, and d) the fixed 

reference frame.  Reflectivity is contoured every 10 dBZ.  Grid distances are in km 

and the Cimarron (input) radar is located at x = -5, y = 10.

Figure 6. 2239 UTC low-level (z = 2.25 km) azimuthal velocity (relative to the Cimarron 

radar) for a) the dual-Doppler analysis, and the retrieval performed in b) the mean 

wind reference frame, c) the storm propagation reference frame, and d) the fixed

reference frame.  Azimuthal velocity is contoured every 2 m s-1.  Grid distances

and radar location are as in Fig. 5.

Figure 7. 2239 UTC low-level (z = 2.25 km) perturbation azimuthal velocity (relative to the 

Cimarron radar) for a) the dual-Doppler analysis and b) the retrieval performed in 

the mean wind reference frame.  The contour interval, grid distances, and radar 

location are as in Fig. 6.

Figure 8. 2239 UTC upper-level (z = 10.25 km) perturbation azimuthal velocity (relative to 

the Cimarron radar) for a) the dual-Doppler analysis and b) the retrieval performed 

in the mean wind reference frame.  The contour interval, grid distances, and radar 

location are as in Fig. 6.

Figure 9. 2239 UTC midlevel (z = 6.25 km) vertical velocity for a) the dual-Doppler analysis 

and b) the retrieval performed in the mean wind reference frame.  The contour 

interval, grid distances, and radar location are as in Fig. 6.
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Figure 10. 2239 UTC low-level (z = 2.25 km) perturbation azimuthal divergence (10-3 s-1) for

a) the dual-Doppler analysis and b) the retrieval performed in the mean wind reference

frame.  The contour interval is 0.5(10)-3 s-1.  Grid distances and radar location are as

in Fig. 5.

Figure 11. 2239 UTC low-level (z = 2.25 km) perturbation azimuthal contribution to polar 

vorticity (10-3 s-1) for a) the dual-Doppler analysis and b) the retrieval performed in 

the mean wind reference frame.  The contour interval is 0.5(10)-3 s-1.  Grid distances

and radar location are as in Fig. 5.

Figure 12. Vertical profile of the retrieved Cartesian vertical velocity (retr W) along an arc of 

constant range and azimuth through the main storm updraft.  Also shown are the 

contributions from the four terms on the right hand side of (20): the projection of 

the perturbation radial velocity (proj Vr’), the projection of the lower boundary 

perturbation polar velocity (proj Vthe0’), and the perturbation radial and azimuthal 

convergences (conv vr’,  conv vphi’).  All profiles are in m s-1.

Figure 13. 2239 UTC retrieved fields from the simplified velocity retrieval.  a) Low-level 

(z = 2.25 km) azimuthal velocity and b) midlevel (z = 6.25 km) vertical velocity.  

Azimuthal and vertical velocity are contoured every 2 m s-1.  Grid distances and 

radar location are as in Fig. 5.
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Table 1. Comparison of the moving reference frame translation components (m s-1) calculated 
from the single-Doppler data with the corresponding verification values for the 
three successive retrieval times.

Reference Frame 2234 2239 2243
   Component UTC UTC UTC AVG

STORM PROPAGATION 

Single-Doppler U   7.4   6.9   8.0    7.4
Verification U   7.8   8.5 11.4   9.2

Single-Doppler V   5.3   5.6   5.7    5.5
Verification V   4.9   4.7   5.7   5.1

MEAN WIND

Single-Doppler U 22.4 22.4 21.9  22.4
Verification U 21.6 21.1 21.7 21.5

Single-Doppler V 12.9 13.0 13.4  13.1
Verification V 14.3 13.4 13.7 13.8
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Table 2. Comparison of the three successive wind retrieval skill scores 
for the different reference frame experiments.

   Skill 2234 2239 2243
   Score UTC UTC UTC AVG

Vφ  RMS  ERROR (m s-1) 

FIXED FRAME   7.9   8.1   8.3    8.1
STORM FRAME   6.1   7.0   6.2   6.4
MEAN WIND FRAME   5.5   6.4   6.9    6.3
simplified retrieval   6.9   7.1   7.3   7.1

Vφ  CORRELATION  COEFFICIENT 

FIXED FRAME   .47   .43   .36    .42
STORM FRAME   .77   .68   .71   .72
MEAN WINDFRAME   .81   .73   .65    .73
simplified retrieval   .69   .67   .60   .65

MAXIMUM VERTICAL VELOCITY (m s-1) 

FIXED FRAME 27.8 19.2 23.9  23.6
STORM FRAME 27.8 20.9 26.3 25.0
MEAN WINDFRAME 25.9 24.9 28.1  26.3
simplified retrieval 27.6 24.3 23.3 25.1
dual-Doppler verification 63.2 55.8 54.4 57.8
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